The virulence loci play an essential role in tumor formation by Agrobacterium tumefaciens. This study focused on the virC locus, which affects the host range Agrobacterium species. virC mutants display an attenuated or avirulent phenotype on certain host plants, but remain fully virulent on other plant hosts. The nucleotide sequence revealed that the virC locus of pTiA6NC is an operon consisting of two open reading frames. These two open reading frames, designated virCI and virC2, encode protein products of 25,713 and 22,710 daltons, respectively, which were visualized by polyacrylamide gel electrophoresis. Only two nucleotides separated the stop codon for virCI from the start codon for virC2, indicating that these genes may be translationally coupled.
The virulence loci play an essential role in tumor formation by Agrobacterium tumefaciens. This study focused on the virC locus, which affects the host range Agrobacterium species. virC mutants display an attenuated or avirulent phenotype on certain host plants, but remain fully virulent on other plant hosts. The nucleotide sequence revealed that the virC locus of pTiA6NC is an operon consisting of two open reading frames. These two open reading frames, designated virCI and virC2, encode protein products of 25,713 and 22,710 daltons, respectively, which were visualized by polyacrylamide gel electrophoresis. Only two nucleotides separated the stop codon for virCI from the start codon for virC2, indicating that these genes may be translationally coupled.
Considerable interest has focused on the soil organism Agrobacterium tumefaciens because of its ability to introduce a defined segment of DNA into plant genomes (for reviews, see references 2, 8, 12, 21) . However, little is known about the mechanism by which DNA transfer occurs. The segment of DNA which is transferred into the plant genome, the T-DNA, is flanked by imperfect 25-base-pair (bp) direct repeats which appear to play an important role in the transfer-integration process (31) . The T-DNA encodes gene products that catalyze the synthesis of the phytohormones auxin and cytokinin (1, 25, 29) . Overproduction of these phytohormones within transformed plant cells results in the tumorous phenotype, a characteristic of virulent infections by A. tumefaciens. None of the genes within the T-DNA is required for transfer or integration.
Another set of genes, designated the virulence (vir) genes, seems to be involved in T-DNA transfer. The vir region spans over 35 kilobase-pairs (kbp) of plasmid DNA, encompassing at least seven transcriptional loci (virA, B, C, D, E, F, and G) (13, 14, 28) . Mutations in the vir loci generally result in loss of virulence, presumably due to the loss of T-DNA transfer. An understanding of the functions of the vir loci should allow us to understand the mechanism of T-DNA transfer. However, with the exception of two vir loci that play a regulatory role (S. E. Stachel and P. C. Zambryski, Cell, in press), none of the functions of the vir loci are known.
Several observations have been made concerning the virC locus. First, mutations in the virC locus result in an alteration of host range. Thus, virC mutants show an attenuated or avirulent phenotype on some plants, but are virulent on other plant hosts (10, 11, 34) . In addition, the virC locus is involved in eliciting a hypersensitive response on certain Vitis cultivars. Whereas the wild-type strain induces a hypersensitive response and is avirulent, virC mutants no longer induce hypersensitivity and are virulent (34) . In contrast to the other vir loci, which are all transcribed clockwise (towards the T-DNA), the virC locus is transcribed counterclockwise (28 In this manuscript we report the nucleotide sequence and genetic analysis of the virC locus from the plasmid pTiA6NC of A. tumefaciens. The virC locus has also been called the virO locus from the plasmid pTiACH5 (10) and the bak locus from the plasmid pTiC58 (5).
MATERIALS AND METHODS
Materials. Restriction endonucleases were purchased from Bethesda Research Laboratories (BRL) or New England Biolabs and used according to the supplier's recommendations. DNA polymerase I Klenow fragment was purchased from Boehringer Mannheim or BRL, Si nuclease from New England Biolabs, and Escherichia coli exonuclease III and T4 ligase from BRL. The M13 sequencing primer, unlabeled nucleotides, and dideoxynucleotides were obtained from P-L Biochemicals. 32P-labeled dATP was purchased from New England Nuclear Corp.
Bacterial strains and plasmids. The relevant characteristics of the plasmids and strains described in this manuscript are presented in Table 1 . The SmaI-PstI fragment which contains the virC locus ( Fig. 1) was inserted into pTJS140, a plasmid derived from RK2 which replicates in both E. coli and A. tumefaciens. This construct, designated pMY921, was used in complementation experiments. The kanamycin resistance cassette, derived from PUC4K (30), was inserted into the BamHI site of pMY921 to yield pMY961. Two additional fragments were first subcloned into PUC18 (31) and then recloned into the wide-host-range replicon pVK102 (15) . These include the SmaI-HindIll and SmaI-SphI fragments and were designated pMY938 and pMY954, respectively (Fig. 1) . The SmaI-HindIII fragment in PUC18 was designated pMY929. Strains JM83 and JM101 were used as the E. coli hosts and were grown in LB, YT, or M9CA medium (18) . A. tumefaciens A348 (9) , which carries the tumor-inducing plasmid pTiA6NC, was grown in either AB minimal or MG/L medium (4). Derivatives of A348 were grown in the same medium supplemented with carbenicillin (100 Lg/ml), kanamycin (100 ,ug/ml), or tetracycline (10 25 ,ug of pMY929 DNA was digested to completion with EcoRI and then treated with exonuclease III (150 U, 30°C). Samples were removed at 90-s intervals, treated with S1 nuclease (100 U, 0°C, 30 min), phenol extracted, and ethanol precipitated. These fractions wre then pooled, digested to completion with HindIII, ethanol precipitated, and ligated to the M13 vector. To construct an analogous set of deletions from the 3' end, pMY929 was first digested with HindIll, treated with exonuclease III and S1 nuclease as described above, and then digested with EcoRI before ligation to the M13 vector.
Nucleotide sequencing. M13mpl8 and M13mpl9 (33) single-stranded templates were prepared as described in the Amersham sequencing manual. Sequencing reactions were done by the method of Sanger et al. (24) with [32P]dATP and were run on either 5 or 6% polyacrylamide gels.
Protein analysis. Proteins were separated in 12.5% polyacrylamide gels as described by Laemmli (17) . Proteins were visualized by silver staining essentially as described by Wray et al. (32) with the addition of dithiothreitol as suggested by Morrisey (20) . Polypeptides were labeled with [35S]methionine for maxicells as previously described (23) . (24) . The sequencing strategy is summarized in Fig. 1, and (6) . The transcription initiation site has been mapped to the A residue at position 139 of the sequence shown in Fig. 1 . Sequences which resemble the E. coli -10 consensus (5'-TATAAT-3') (22) are present within a similar region of the virC promoter (5'-TGTAAC-3') at positions 124-129 of Fig. 1 . The -35 region of the virC promoter (5'-ATAACG) at positions 109-114 does not resemble the E. coli -35 consensus sequence. Thus, virC is similar to the other vir loci in that it has sequences in common with the E. coli -10 promoter region but not the E. coli -35 region.
RESULTS
To investigate the role of the virC proteins in virulence, two derivatives of pMY921 were constructed by inserting the kanamycin resistance cassette from pUC4K (30) into each of these open reading frames. These two plasmid derivatives, pMY960 and pMY961, contain the kanamycin resistance fragment inserted into virCI and virC2, respectively (Fig. 1 ). These plasmids were tested for their ability to complement each of the virC mutant strains. pMY960 and pMY961 were not able to complement any of the virC mutants tested (Table 2 ). This demonstrates the role of virC2 in virulence. However, the role of virCI in virulence is more difficult to establish since mutations within this gene may be polar to virC2.
Analysis of protein products. In an attempt to confirm the nucleotide sequence data and to visualize the intact virC proteins, polypeptides were labeled in E. coli maxicells. The plasmid pMY929 carries the SmaI-HindIll fragment which contains the virC locus inserted into the vector pUC18 ( intact virC2 gene product and to overproduce fusion polypeptides to each of the virC proteins. This vector utilizes the strong Trp promoter, which can be repressed by tryptophan (40 pag/ml) and induced by indole acrylic acid (20 ,ug/ml) (27) . A BamHI-HindIII fragment carrying all of virC2 and the majority of virCi was inserted into the vector pATH2 (27) and was designated pMY963 (Fig. 4) . This construction created a translational fusion between the Cterminal 19,500 daltons of virCI and the N-terminal 37,000 daltons of the trpE polypeptide. Because transcription proceeds through the virC2 gene as well, this gene was also placed under Trp promotor control.
When an E. coli strain containing pATH2 was grown under induced conditions, a 37,000-dalton polypeptide corresponding to the N-terminal portion of the trpE protein was produced (Fig. 4, lane 2) . This protein was not observed under repressed conditions (lane 3). When the strain harboring pMY963 was induced, the predicted trpE-virCl fusion product of 56,500 daltons was observed (lane 4). A second protein of approximately 23,000 daltons, possibly corresponding to the virC2 gene product, was also observed (lane 4). Expression of these polypeptides was strongly diminished or eliminated under conditions of tryptophan repression (lane 5). To demonstrate that the 23,000-dalton protein was indeed the virC2 gene product, derivatives of pMY963 were constructed by inserting the kanamycin resistance cassette from pUC4K (30) into the XhoI site of virC2 in both orientations (Fig. 4) . These derivatives were designated pMY970 and pMY971. When strains containing these derivatives were induced, the 56,500-dalton fusion protein was still observed. However, as anticipated, the 23,000-dalton virC2 protein was absent, indicating that the kanamycin resistance cassette had interrupted the virC2 coding region , and XhoI (X) restriction sites. The BamHI-HindIII fragment was inserted into pATH2 to create pMY963, and the Bcll-HindIll fragment was inserted into pATH2 to create pMY966. The kanamycin resistance cassette was inserted into pMY963 in each of two orientations to yield pMY970 and pMY971. Strains harboring these plasmids were grown under either induced (lanes 2, 4, 6, 8, and 10) or repressed (lanes 3, 5, 7, 9, and 11) conditions with the following constructs: pATH2 (lanes 2 and 3); pMY963 (lanes 4 and 5); pMY970 (lanes 6 and 7); pMY971 (lanes 8 and 9); pMY966 (lanes 10 and 11). Arrowheads indicate the position of the virC2 protein in its native and truncated forms. The positions of the other fusion proteins are indicated. Lane 1, Molecular weight standards, including beta-lactoglobulin (18, 400) , alphachymotrypsinogen (25,700), ovalbumin (43,000), bovine serum albumin (68,000), and phosphorylase b (97,400).
(lanes 6 and 8) . In fact, a truncated protein slightly smaller than the virC2 gene product was produced (lanes 6 and 8) . Again, neither of these truncated proteins nor the 56,500-dalton polypeptide was expressed under repressed conditions (lanes 7 and 9). To further confirm the identity of the virC2 protein, a translational fusion was constructed between trpE and virC2 in plasmid pMY966 (Fig. 4) . As expected, a strain harboring pMY966 synthesized the 62,000-dalton fusion protein only following induction (Fig. 3, lanes 10 and 11) . The nucleotide sequence predicted that this fusion peptide would be approximately 62,000 daltons in size. This fusion consists of the N-terminal 37,000 daltons of trpE fused to the 22,700-dalton entirety of virC2 and 10 amino acids which immediately precede the start codon of virC2. Together these results reaffirm the nucleotide sequence data, which indicate that the virC locus is an operon. Furthermore, the overproduction of these fusion polypeptides greatly facilitates their purification for use in raising antibodies directed against the virC gene products.
Comparison of virCI proteins from octopine and nopaline plasmids. The nopaline-type Ti plasmid pTiC58 is closely related to the octopine-type plasmid pTiA6NC described here. Although it is likely that both Ti plasmids have common virulence loci, this has yet to be shown at the nucleotide sequence level. The nucleotide sequence of the virCI gene from pTiC58 has recently been determined (T. Close, personal communication), and we compared the predicted gene product with that of the analogous gene from pTiA6NC. These two polypeptides showed 85% identity at the amino acid sequence level, with only four nonconservative amino acid replacements (Fig. 5) . Interestingly, although there was a great deal of conservation, one amino acid was lacking in the pTiA6NC protein, indicating a short deletion had occurred.
DISCUSSION
The virulence loci of A. tumefaciens comprise a clustered set of genes, spanning 35 kbp of plasmid DNA, which are essential for tumorigenesis. Although they presumably function in the T-DNA transfer process, the precise role of these loci remains unknown. Currently, the most powerful vectors for introducing foreign DNA into plant cells are based on the natural transformation system of agrobacteria. Thus, it is desirable to understand the role that the vir loci play in T-DNA transfer to design a more sophisticated plant transformation system as well as to better understand the underlying processes which lead to tumorigenesis.
The nucleotide sequence of the virC locus from the A. tumefaciens plasmid pTiA6NC indicates that it is an operon consisting of two open reading frames, designated virCI and virC2. The predicted polypeptides for virCI and virC2 have molecular sizes of 25,713 and 22,710 daltons, respectively. Both of these open reading frames are preceded by nucleotide sequences which show significant homology to the consensus E. coli ribosome binding sequence. Only two nucleotides separate these two open reading frames, and the presumed ribosome binding site for virC2 is within the coding region for virCl, suggesting that translation of these two proteins may be coupled. Such translational coupling has been described previously (7) . A computer search of the Protein Identification Resource (PIR) data base, using the program of FASTP (18) However, other hypotheses are consistent with the available data, and additional data are needed before a precise function for virC can be assigned. The virCI gene of the octopinetype Ti plasmid pTiA6 has a homologous counterpart, designated bakA (5), on the nopaline-type Ti plasmid C58. The nucleotide sequence of the bakA gene was recently determined (T. Close, personal communication) and displays 85% homology at the amino acid sequence level to virCI. Further studies are needed to determine whether the virC2 gene is also conserved on the C58 plasmid.
